The cerebral cortex is characterized by multiple layers and many distinct cell-types that together as a network are responsible for many higher cognitive functions including decision making, sensory-guided behavior or memory. To understand how such intricate neuronal networks perform such tasks, a crucial step is to determine the function (or electrical activity) of individual cell types within the network, preferentially when the animal is performing a relevant cognitive task. Additionally, it is equally important to determine the anatomical structure of the network and the morphological architecture of the individual neurons to allow reverse engineering the cortical network. Technical breakthroughs available today allow recording cellular activity in awake, behaving animals with the valuable option of post hoc identifying the recorded neurons. Here, we demonstrate the juxtasomal biocytin labeling technique, which involves recording action potential spiking in the extracellular (or loosepatch) configuration using conventional patch pipettes. The juxtasomal recording configuration is relatively stable and applicable across behavioral conditions, including anesthetized, sedated, awake head-fixed, and even in the freely moving animal. Thus, this method allows linking cell-type specific action potential spiking during animal behavior to reconstruction of the individual neurons and ultimately, the entire cortical microcircuit. In this video manuscript, we show how individual neurons in the juxtasomal configuration can be labeled with biocytin in the urethane-anaesthetized rat for post hoc identification and morphological reconstruction.
Introduction
Neuronal networks consist of multiple cell types, characterized by highly specific morphological and physiological properties [1] [2] [3] [4] [5] [6] [7] . As a consequence, individual cell types perform specialized tasks within the network (see for instance Gentet et al. 8 and Burgalossi et al. 9 ). We are only beginning to understand cell type-specific functions across neuronal networks and much is still to be discovered. To this end, many labs are implementing experimental approaches that allow the analysis of morphological properties of the same neuronal population from which physiological parameters have been obtained 1, [10] [11] [12] [13] [14] [15] . Here, we demonstrate the juxtasomal labeling technique 16, 17 which involves electrophysiological recordings using conventional patch pipettes in the extracellular (thus noninvasive) configuration in combination with electroporation of the recorded neuron with biocytin. The major advantage of this approach is that the noninvasive nature ensures that action potential spiking of individual neurons is recorded without altering (e.g. dialyzing) the intracellular content of the cell. Followed by electroporation, the juxtasomal approach provides the option of post hoc cell identification and reconstruction to link function (physiology) to structure (morphology). Typically, morphological reconstruction involves reconstruction of dendritic and axonal morphology which can be extended to quantification of spine and/or bouton densities or even reconstruction of neuronal morphology at nanometer resolution using electron microscopy. The juxtasomal recording technique can be used for in vivo recordings of various cell-types across cortical layers or in sub-cortical areas in a range of species, although most studies have applied the technique in small rodents such as mice or rats. Our research is focused on recording and labeling neurons from rat primary somatosensory cortex (S1) and involves visual identification of recorded neurons 18 , dendritic reconstructions in combination with precise registration in a standardized reference frame to reverse engineer cortical networks 4, 19 and detailed reconstruction of axonal architecture to characterize cell type-specific local and long-range projection targets 20 .
Compared to alternative in vivo recording techniques (intracellular or whole-cell), juxtasomal recordings are relatively stable and can therefore be applied across behavioral states including anesthetized 21, 22 , sedated 14 , awake head-fixed 23 , or even freely-moving animals 9 . Here, we show juxtasomal labeling in S1 of a urethane-anesthetized rat, although we emphasize the general applicability of this technique to many preparations of choice.
1. Prepare the perfusion setup, rinse, and preload the tubing with 0.9% NaCl. 2. Position the animal on a surgical tray and secure with standard labeling tape. Ensure sufficient depth of the anesthesia; foot pinch and eyelid reflexes should be absent. 3. Make a medial to lateral incision (5-6 cm) through the abdominal wall just beneath the rib cage and proceed in posterior-anterior direction to expose the sternum. Pull the sternum anteriorly and carefully separate the liver from the diaphragm. 4. Make a small incision in the diaphragm, cut through the lower ribs and continue the incision along the entire length of the abdominal cavity to expose the heart. 5. Remove the pericardium. 6. Insert the needle into the left ventricle and make an incision in the right atrium. Perfuse with 0.9% NaCl (~8 ml/min) until decoloration of the liver is complete. 7. Switch the infusion to 4% paraformaldehyde (PFA) until stiffness of front paw and lower jaw is apparent. 8. Decapitate the rat using a pair of scissors 9. Remove the remaining neck muscles and expose the skull completely. 10. Position the scissors in the brain stem on the dorsal side and cut the bone carefully along the sagittal suture, maintaining the dorsal position. 11. Remove the bones from both sides of the sagittal suture to expose the brain using forceps. Carefully remove the dura to avoid damage. 12. Carefully insert a blunt spatula to the ventral side of the brain and remove the brain gently. 13. Post-fix the entire brain overnight in PFA at 4 °C. Switch the brain to 0.05 M phosphate buffer (PB) and store at 4 °C.
Slicing the Brain in Tangential Sections
1. Take the brain out of the 0.05 M PB and put it on a filter paper facing anterior. Use a sharp razor blade to cut off the cerebellum along the coronal plane and separate the hemispheres by cutting along the mid sagittal plane. 2. Apply superglue on the mounting platform and mount the left hemisphere on its sagittal plane with anterior facing right. Secure the mounting platform at an angle of 45° on a vibratome and submerge the brain in 0.05 M PB. 3. Secure a razor blade on the vibratome and make sure that the first contact with the brain surface is in the middle of the anterior-posterior plane of the hemisphere. Cut 24 100 µm sections and collect them in a 24-well plate containing 0.05 M PB.
Histological Procedures
1. Perform histological protocols for the cytochrome oxidase staining 24 and the avidin-biotin-peroxidase method according to previously described methods 25 . Optional: visualize biocytin using fluorescent avidin/streptavidin-Alexa conjugates. This additionally allows doublestaining with retrograde or anterograde tracing techniques. 2. Wash sections 5 x 5 min with 0.05 M PB and prepare the 3,-3'-diaminobenzidine tetrahydrochloride (DAB)-containing solution for the cytochrome oxidase staining to visualize barrels in layer 4 (L4) of S1 (see Table 2 for solutions and reagents). Incubate sections 6-12 from the pia in the preheated solution for 30-45 min at 37 °C. 3. Rinse sections with 0.05 M PB for 6 x 5 min and quench endogenous peroxidase activity by incubating all sections in 3% H 2 O 2 in 0.05 M PB for 20 min at room temperature (RT). 4. Rinse sections with 0.05 M PB for 5 x 10 min. Incubate sections in ABC-solution (see Table 3 for solutions and reagents) overnight at 4 °C. 5. Rinse sections with 0.05 M PB for 5 x 10 min and prepare the DAB-solution to visualize the biocytin-filled neuron (see Table 4 for solutions and reagents). Incubate sections in filtered solution for 45-60 min at RT. 6. Rinse sections with 0.05 M PB for 5 x 10 min. Mount sections on microscope slides and cover slip with Mowiol (see Table 5 for solutions and reagents). 7. Determine labeling quality using light microscopy.
Representative Results
Detailed knowledge on 3D structure of individual neurons is crucial for elucidating organizational principles of neuronal networks. Our method involves a pipeline to achieve high quality biocytin labeling from an in vivo preparation, thereby allowing post hoc neuronal classification and detailed reconstruction of dendritic and axonal architecture of single neurons at high resolution. Depending on the quality of juxtasomal labeling, neurons are recovered with different DAB-intensities ranging from faint to intense DAB signals at positions that very accurately correspond to the recording location 19, 26 . In our lab, a trained experimenter operates at a success-rate of 30-40% in urethane anaesthetized rodents. This indicates that one neuron is selected for dendritic and axonal reconstruction in one out of three experiments which then meets the following criteria: 1) only one neuron filled in the brain, 2) excellent labeling quality, 3) biocytin signal is constant along axonal projections and does not decrease at distal endings, 4) Cyt C counterstaining is successful to allow neuronal registration, and 5) no damage to brain slices during histology. The limiting factor is typically insufficient biocytin labeling, meaning that in ~80% of all experiments (anaesthetized and/or awake), the recorded neuron will be recovered (soma and dendrites). This is sufficient for cell type classification but not for reliable and complete reconstruction of the axonal architecture. In Figure 3 , we show two examples of biocytin-labeled neurons with DAB signal after appropriate juxtasomal labeling; one spiny pyramidal neuron (Figure 3A) and one interneuron (Figure 3B) . Reconstruction of adjacent tangential sections allows serial reconstruction to obtain full neuronal morphology 18, 22, 23, 27, 28 . Additionally, histological staining of anatomical reference frames (for instance in primary somatosensory cortex) allows registering single neurons to standardized reference frames 4, 19 .
The two examples presented February 2014 | 84 | e51359 | Page 4 of 9 here reflect optimal conditions to classify and subsequently reconstruct the morphological properties with a manual or automated system (Figure  4 ) 15, 20, [29] [30] [31] . 
Discussion
The juxtasomal method allows recording in vivo action potential spiking from single units across behavioral conditions (anesthetized, awake head-fixed or freely moving) with the option of biocytin-labeling the recorded neuron for post hoc cell type classification and/or 3D reconstruction. The major advantage is to obtain physiological parameters in the extracellular (thus noninvasive) configuration, yet being able to label the neuron intracellularly with biocytin 16, 17, 32 . In addition to biocytin labeling, this technique can be used to inject neurons with DNA, RNA, proteins, or fluorescent dyes 33, 34 . The most obvious disadvantage of this approach is perhaps the lack of visual control of the labeling quality, and thus no means of checking the labeling quality during the experiment. However, recording conditions and particularly action potential shape can be used to assess the success of the labeling procedure. For instance, the likelihood of recovering a neuron with dense biocytin-DAB label increases when the spiking frequency during current pulses dramatically increases, accompanied with disappearance of the after-hyperpolarization and broadening of the action potential waveform (see Figure 2) . Additionally, the quality of biocytin-labeling is directly correlated to the summed length of the separate labeling sessions, such that several long filling sessions (>60 sec) will result in better histological quality compared to an individual short filling session (<30 sec). Finally, the survival time for tracer diffusion will critically determine the labeling intensity of distal compartments. In general, survival time of 1 hr after high-quality electroporation ensures sufficient labeling of long-range intracortical axonal projections. One example of such long-range projections are neurons from primary somatosensory cortex projecting to secondary somatosensory cortex or dysgranular zones thus projecting to areas which are several millimeters away from the labeling site 4, 20 . When axonal projections of even larger dimensions are investigated (such as thalamocortical projections), survival time should be increased 15 . Important to realize is that electroporation of the neuron will have a profound effect on the physiological condition of the neuron due to excessive sodium influx from the electrode solution. Thus, it is highly recommended to intermingle filling episodes with quiescent episodes to allow full recovery of action potential spiking and monitoring recording conditions after filling sessions when biocytin is allowed to diffuse along the dendritic and axonal arborizations 12, 31 .
